Blends of high-density polyethylene (HDPE) and polypropylene (PP) were prepared in different twin-screw extruders. Two additives, a peroxide initiator and a polymerizable monomer, were added to the polymeric feed components. A large influence on the physical properties, such as toughness and impact strength,. and on the morphology was observed. Reactive extrusion substantially improves mechanical properties: a three-fold increase of elongation at break and doubling of the impact strength. Variation of extruder settings also had a large influence on the product; the f i n a l properties were improved when the shear rate was raised, but sufficient residence time is necessary in reactive compatibilization. Scanning electron micrographs of the fracture surfaces of blends indicate a refinement of the surface structure.
INTRODUCTION
blend constituents (2, 3). These copolymers lower the he steady growth in the use of plastic materials in T packaging applications has caused problems in solid waste disposal. Therefore, plastic recycling has become necessary. Plastic material recycling programs mainly aim at recycling of post-consumer reclaim plastics of packaging items. With continuous refinement in the quality and decreasing cost of recycling, recycled polymers should gain significance as feed stocks for a wide range of products and applications.
High-density polyethylene (HDPE) is a primary packaging material for disposable bottles and one of the most commonly recycled plastics. One of the problems that occur with HDPE waste is the contamination with polypropylene (PP) coming from closures or sprouts. Because of the immiscible nature of the components, both in the melt as well as in the solid state, resulting blends show a deterioration in impact performance and tensile properties (1) . The majority of polymers found in waste plastic streams unfortunately form a phase-separated morphology. Because ductility and impact strength are important properties for polymers, an effective method for the compatibilization of the blend is needed to improve these properties. Compatibilization usually is promoted through the addition of block or graft copolymers with segments capable of interacting with the T o whom correspondence should be addressed 1628 interfacial tension and improve adhesion between the matrix and the dispersed phase. Kroeze et al. (4) successfully used a "living" free radical polymerization technique instead of conventional anionic techniques to accomplish the synthesis of such block copolymers used for compatibilization.
An attractive alternative is chemical modification of a blend by reactive extrusion (5) which can be a relatively cheap approach for improvement of the properties of a polymer blend (6). In a recent paper, Hu (7) performed both grafting of PP with glycidyl methacrylate and blending with PI3T in a one-step extrusion process. The mechanical properties of the resulting blends were superior compared to the uncompatibilized blend. Fellahi et al. (8) have improved the stress at break and the impact strength of mixed plastics simply by processing it in the presence of a dialkyl peroxide. These improvements are most likely due to the formation of copolymers acting as compatibilizer by recombination of macroradicals. In addition, a reduction of the rheological mismatch for a blend containing low viscosity PE and high viscosity PP can enhance dispersive mixing. This is caused by the preferred reaction of these polymers with peroxide. The PE phase has a tendency for crosslinking (9). whereas PP with a peroxide mainly results in chain scission.
Randall et al. (10) describe the preparation of impact modified PP blends by treating a reactor blend of PP and LLDPE with a peroxide. Various fragments will be present and recombine to form block or graft
In-Situ Reactive Blending of PE and PP The low molecular weight compounds used in reactive extrusion are usually added at relatively low concentrations. For that reason they offer considerable economic advantages versus polymeric compatibilizers that are more expensive and usually only effective at higher concentrations. This paper describes research into reactive blending of HDPE and PP in counter-rotating and in self-wiping co-rotating extruders. Tensile behavior, impact properties, the morphological structure, and thermal properties are studied. It should be realized that this is a model system with pure components and that in a typical commingled bottle stream a variety of contaminants can be found, such as screen printed or heat transfer labels, which cannot be removed by washing. These additives may influence the reactivity of the peroxide and the monomer.
EXPERlMENTAL

Selection of Blend Componenb
The HDPE used in these experiments was blowmolding/extrusion grade (Stamylan HD 9630, DSM) with a density of 961 kg/m3 and a melt flow index, MI Dissociation constants, Arrhenius parameters, and half-life times of these peroxides are given Table 2 . The monomer was n-butyl methacrylate (Interorgana) and all components were used without further purification.
Extramion System
Two Merent extruders were used for processing. A tumble mixed blend of HDPE and PP was fed, using a K- Of the several options for dosing the reactants into the extruder, two were used. The peroxide and the monomer were absorbed in the porous PP, which subsequently was tumble mixed with HDPE before feeding to the extruder. This method is described by Vander Wal et aL (16) . Another method used was feeding the reactants at the same feed port as the solid feed, using a positive displacement pump. After extrusion the mixture was frozen in liquid nitrogen to preserve the morphology obtained and to stop any reactions taking place. Further reactions could take place during sample preparation but because of the very low concentration of reactants still present in the sample (less than 0.5 mass%), no sigdicant influence on mechanical properties is assumed.
Chprrrcterization
The specimens for mechanical tests were compression molded at 180°C with a hydraulic 20-ton press, and tests were performed following the standard 
RESULTS AND DISCUSSION
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The complex viscosity of the starting materials as a function of the frequency w as measured by parallel plate rheometry and the viscosity as a function of the shear rate p are plotted in Fig. 2 . The non-Newtonian behavior of the two polymers is clearly visible. In this case, HDPE is the major component, and its viscosity is higher than the viscosity of the PP. The viscosity ratio p decreases from 1 at 0.001 s-' to 0.23 at 400 s-'. The average shear level in the extruder channel was 20 to 75 s-' and the shear rate for m a t 6 passing the fhght was 120 to 400 s-l during our experi- 
Extrusion
Extrusion and melt blending influence the stressstrain behavior and the impact strength of a polymer or polymer blend. FQwe 3 shows the stress-strain behavior of unextruded HDPE, and HDPE extruded in a counter rotating and in a co rotating twin screw extruder. All samples showed yielding at around 11% strain.
It is clearly visible that extrusion increases the strain at break. This effect is slightly larger in the counter-rotating extruder than in the co-rotating extruder.
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shows the dependence of the impact strength and elongation at break as a function of the percentage PP in the blend for a physical blend without compatibilization. These measurements are used as reference. In our case, negative deviation is observed for all properties, as expected in the case of an immiscible blend. Increasing the amount of PP resulted in a slightly increased Young's modulus. These results are consistent with results published by several authors (17, 18). The performances of both extruders are quite similar in this case; the impact strengths are comparable but at low concentrations of PP, the toughness is better in a co- rotating extruder. AU experiments described in the next sections were performed with a mixhxe. of 90 weight% HDPE and 10 weighP! PP.
adsorbing it in the porous PP, leads to a strong deterioration of mechanical properties (Ftg. 5) . At peroxide concentrations below 0.05 weightYo, based on the total mass of polymer, a decrease in strain at break and impact strength is observed. Cheung et al. (19) also found for blends of D P E and PP, a strong decrease in impact strength with increasing peroxide Introducing both monomer and peroxide to a polymer blend improves the mechanical properties. A constant initial amount of 2 wt% of n-BMA, based on the total amount of polymer, and a variable amount of peroxide (T101) to a mixture of HDPE and PP leads to an optimum in properties measured. However, increasing the initiator concentration is limited by the occurence of crosslinking at concentrations above 0.3 wtVo. Already at low initiator concentrations, toughness increases considerably but at higher concentrations toughness decreases again, as shown in FYg. 6 . The results for both extruders are comparable.
A relatively high concentration of n-BMA will lead to more monomer radicals, which will result in homopolymerization rather than grafhng on the polyethylene or polypropylene. At relatively low concentrations of n-BMA, the initiator dissociation can lead to higher concentrations of macroradicals, which can react with a monomer unit. The influence of both effects on mechanical properties is shown in Fig. 7 . This reaction can be followed either by homopolymerization of the n-BMA or crosslinking with another macroradical. A combination of homopolymer BMA and grafted BMA is reported to attribute positively to the impact strength as well (22). Extraction of several reactive extruded samples by solution/precipitation showed that conversion of monomer was over 65% and depended on the amount of peroxide added. The ratio of homopolymer/grafted polymer is 1.25 so slightly more homopolymer is formed during the process.
In the following three sections, the extrusion parameters screw speed, throughput, and die-resistance were varied. The extruder feed consisted of a 90/10 HDPE/PP mixture with 2 mass% n-BMA and 0.05 mass% Trigonox 10 1 absorbed in the porous polypropylene. The influence of operating conditions on mechanical properties in both type of extruders shows the same tendencies as reported in reactive extrusion of methacrylates (23, 24) The InJuence of the Throughput Increasing the throughput in the counter-rotating extruder, keeping all other parameters constant, caused a strong decrease in elongation at break (Fig.  8) . The notched impact strength and the Young's modulus reach an optimum. At the optimum. the product showed signs'of crosslinking. The increased throughput has a negative influence not only on the residence time in counter-rotating extruders but also on the mixing efficiency. This mixing efficiency is defined as the average number of times a fluid element is subjected to the high shear fields in the leakage gaps.
(1)
where vfis the number of filled chambers, Ql the total of leakage flows, and Q the throughput (25) . Moreover, a minimal amount of residence time is also an important factor for the compatibilizjng effect.
In the co-rotating extruder. the effect of variation of the throughput on the stress-strain behavior is less pronounced. In this type of extruder all material passes a high shear zone. An increased throughput will therefore less af€ect the mixing capacity. As can be seen in results in higher shear forces on the material hence more intensive mixing.
InJuence of the Screw Speed
From the experiments in a counter rotating t w i n screw extruder it can be concluded that an increase speed the influence of the decreased residence time becomes noticeable and there is no further increase in properties. The starting point of the reaction is also affected by the screw speed because melting will start later in the extruder. leaving less time for reaction.
In a co-rotating extruder (Rg. 11) the Young's modulus is not affected by screw speed, but the absolute value is 25Oh higher than the material processed on 1000 800 600 400 200 the counter-rotating twin-screw extruder. The strain at break and the impact strength also increase with a higher screw speed, yet there is little effect of the diminished residence time. The residence time of the counter-rotating extruder as estimated from breakthrough experiments is 120 s, in the co-rotating extruder 280 s. In this time, 92% and l W h , respectively of the initiator will be decomposed. The Influence of the Die-Resistance A feature available on our counter-rotating twinscrew extruder was an adjustable die with a quantified die-resistance. The die-resistance has strong influence on the stress-strain behavior of the resulting blend (Fig. 12) . It not only determines the fully filled length, but also creates elongational flows, resulting in a reduction of dispersed phase diameter (26) .
Sufficient reaction and intimate mixing should result in a blend with improved properties (27) . The number of fully filled chambers on the screw was calculated, and as soon as one single chamber per screw is fully filled, optimal mechanical properties could be reached. Ebner and White (28) also found with PP degradation by peroxide, in a similar extruder without shearing elements, that all degradation occurred in the neighborhood of the die.
Molecollar Propextiem
In addition to other variables, a change in mechanical properties can be attributed to changes in molecular weight. Figure 13 shows the molecular weight distribution of a blend and two reactive extruded samples, one with a combination of BMA and peroxide and one with peroxide only. Because of the high dispersity of the HDPE and the relatively low content of the PP no separate weight fraction was observed. The M, of the PP is 188,000 g/mol, so log (M) is 5.27. Clearly visible is the overall shift of the distribution towards higher molecular weights, which is to be expected in case of branching or crosslinking of the HDPE. Degradation of the PP is not clearly visible, but because the increase of the weight fraction between log (MI 4.75 and 5.5, it is assumed the PP undergoes some chain scission. This increase cannot explain the entire increase, so crosslinking of medium molecular weight HDPE also has to be taken into account. The molecular weight distribution of the reactive extruded sample without monomer shows a much higher kaction of molecular weights between 1,100,000 and 2,500,000. Reactive extrusion with addition of monomer combined with peroxide also results in a slight increase in high hI, but to a much lesser extent than when only peroxide is added.
Thermal Properties
The 90/10 HDPE/PP blend was further analyzed on thermal properties by DSC and through dynamic mechanical thermal analysis (DlWA) over a wide temperature range.
The damping factor (tans) as a function of the temperature (Rg. 15) shows no increase in the PP damping peak as a result of the addition of monomer and peroxide initiator. Shifting of the location of this peak is usually associated with improved miscibility, but in our case, this cannot be observed because of the low content of PP in the blend. However, the observed increase in the damping factor in the amorphous regions of the PE (-90°C to -1OOC) for a reactive extruded blend is to be expected since any crosslinking or branching reactions would lead to an increase in blend viscosity. This increase is ascribed to movement of chain segments in the amorphous phase (29) . The results of Flocke (30) .E+09
tallinity (31) . attributable to the restricted chain mobility resulting from branching and crosslinking reactions in the polyethylene phase, as already concluded from GPC results. The polypropylene peak showed broadenipg, which can be a result of degradation (20) . The crystallhtion enthalpy of the polyethylene and the polypropylene in the reactive extruded blend using both peroxide and monomer is increased comt I- Scanning electron microscopy has given some insght into the morphology of two blends. Clearly visible in Fig. 16 is the coarse lamellar structure of the polyethylene in a normal physical mixture. The lamellae are quite thick (0.15 km) and interlamellar separation is observed. However, the fracture surface of the reactive extruded sample (Fig. 17) shows a smaller lamellar thickness and the surface is much more homogeneous. Also, some interconnectivity between the lamellae is observed in the reactive extruded blend. A morphology characterized by small spherulites connected by a large number of bridges provides optimal mechanical properties. Relatively large spherulites with distinct boundaries result in brittleness. Under strain, the boundaries become starting zones for crack development and breakage (32) .
conrcLusIonrs
The method of adsorbing a peroxide initiator and nBMAinamixture of two polymers not only improves mechanical properties of a blend of amorphous PS with semicrystalline HDPE or PP (33) , but also of a blend of two semicrystalline polymers. Physical blends of HDPE with PP result in mixtures that have reduced overall properties. The addition of a peroxide and n-BMA during melt blending of HDPE and PP causes a three-fold increase in elongation at break and doubling of the impact strength. The modulus is generally affected slightly negatively. The addition of a peroxide and n-BMA to a premixed blend of HDPE and PP with a positive displacement pump results in the same effects and comparable final properties as a process where the monomer and initiator are adsorbed in porous PP. The addition of peroxide only has no positive effect on the mechanical properties. Addition of n-BMA only also has negative effects on the final product properties. The most probable toughening mechanisms are a controlled increase in molecular weight, resulting in an improved crystalhation behavior, and introduction of a 3rd rubbery phase, resulting from formation of @ed and homopolymexized monomer. The extrusion conditions are very important for the mechanical properties of a reactive extruded blend. Strong influences are found for screw speed, throughput, and die-resistance. These parameters affect the residence time and temperature of the polymer in the extruder, which influences the conversion of the reaction and the effectiveness of the peroxide, thus providing means for optimization. The co-rotating self-wiping extruder is more suitable for reactive blending than the counter-rotating closely intermeshing one because of the higher attainable shear and longer residence time, and the higher maximal throughput.
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